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INTRODUCTION:  Cancer cells that have the ability to invade and colonize surrounding and distant 
(metastatic) tissues are strong indicators of poor prognosis. It is clear that the cellular microenvironment plays 
an important role in the progression of these deadly events. To develop synergistic therapeutic approaches that 
target the tumor microenvironment we need to understand, at the molecular level, the ECM’s role in tumor 
progression. However methods are required to analyze extracellular matrix at the molecular level. This work 
will begin to develop the methods so that we can define the role of ECM protein and associated protein 
crosslinking in breast cancer progression. 
 
The mammalian mammary gland is an extremely dynamic organ which undergoes drastic morphological 
changes in preparation for feeding of offspring and then again after weaning. To characterize protein changes 
associated with this remodeling we have used a semi-quantitative proteomics approach to identify differences in 
extracellular matrix (ECM) preparations from rat mammary tissue before pregnancy (nulliparous) and post 
weaning (involution). Involution of the mammary gland comprises a very complex and highly regulated cascade 
of programmed cell death and remodeling. A major component of the remodeling occurs in the ECM. Several 
proteases become activated in the extracellular space and there is differential ECM protein synthesis occurring 
in various cells within the organ. We used 1D PAGE to fractionate the isolated proteins followed by in-gel 
digestion of bands covering the entire gel lane. Each digestion was analyzed by RP-LC/MS/MS allowing us to 
identify a large number of proteins. We compared spectral counting and peak integration as two methods for 
semi-quantification. This GeLC-MS approach allowed us to resolve distinct molecular weight isoforms for 
several ECM proteins, with distinct quantifiable differences between the two ECM samples. 
 
Tissue transglutaminase (tTG), the most significant and diverse member of the transglutaminase family, is an 
enzyme best known for its ability to covalently cross-link proteins. tTG plays an important role in the 
progression of many diseases, including cancer. tTG catalyzes the Ca2+-dependent posttranslational 
modification of proteins through a reaction between the gamma-carboxamide group of glutamine and the 
epsilon-amino group of lysine residues, to form a stable gamma-glutamyl amine cross-link. The substrates of 
tTG can be identified using mass spectrometry. One method to identify the reactive glutamine is to use a small 
molecule substitute for lysine, such as putrescine or cadaverine. If added in excess over free lysines, the reaction 
product after treatment with tTG will be small molecule modified substrate glutamine residues. These sites of 
modification can be identified using a standard "bottom-up" proteomic analysis with modification of the 
glutamine set as a variable for database searches. Using this approach to identify substrates of tTG from 
extracellular matrix preparations, we observed a shift in the precursor charge state over unmodified peptides, 
and as a result, lower database identification scores when using cadaverine. By using a novel small molecule, 
mercaptoethylamine (MEA), we were able to maintain the lower charge states observed in the unmodified 
peptides which increased our ability to identify the tTG modified peptides. This reagent also gives us the ability 
to target the modified residues for additional labeling such as biotinylation, which allows for affinity capture.  
 
In addition, we developed a similar approach for identification of tTG reactive lysine residues using the small 
molecule substrate acetamide. This approach allowed us to identify a number of intracellular and extracellular 
protein substrates of tTG. Over 30 novel substrate sites were identified in addition to many previously reported 
in the international transglutaminase substrate database (Transdab Wiki). We used our findings to identify novel 
substrate motifs using sequence alignment. 
 
Our ultimate goal is to measure the extent and type of tTG mediated cross-links in order to explore the role of 
this enzyme's involvement in cancer progression. However, the tools to accomplish this feat are not available 
and need to be developed. This project provides the initial tools necessary to approach our goal. 
 
 
 
 
 
 
 
 



 

 

BODY:  
Traditionally to identify TG reactive glutamines small molecule diamines were used as substrate (lysine 
substitute). Here we compare a novel method that uses 2-amino-ethanethiol (AET) to act as the substrate for TG 
(Figure 1.).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
We compared these reagents and found that the addition of a primary amine to tryptic peptides resulted in 
higher charge states observed in the mass spectrometry analysis. This had the detrimental effect of reducing the 
number of +1 and +2 charged fragment ions and as a result lower identification scores and expect values. Figure 
2 shows the same peptide without modification in both of the charge states identified (+2 and +3 in this 
example). Modified with AET (MEA) and with cadaverine (CADV).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Reaction of TG with small molecule 
substrates for the identification of reactive 
glutamines. Top. Traditional use of the diamine, 
cadaverine. Bottom, use of new substrate 2-
amino-ethanethiol that can subsequently be 
alkylated with iodoacetamide (shown)  or any 
other thiol alkylating  reagent. 

Figure 2. Assigned spectra showing differences in 
identification metrix based on TG substrate used 
for modification. 



 

 

Next we performed crosslinking reactions with tTG and substrates that will be used in upcoming cell culture 
reactions. We analyzed the commercial basement membrane preparation Matrigel isolated from mouse EHS 
tumors (BD Bioscience), Collagen 1 isolated from rat tail and Fibronectin (mouse, BD Bioscience; and human, 
Sigma). In addition, to the two sites previously observed, we identified 33 additional sites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To identify in vivo crosslinks in the extracellular matrix we will first need to develop the methods required for 
mass spectrometry based identification. This is a very challenging task as the fragmentation pattern of the 
peptide will theoretically consist of fragment ions from both peptides and the crosslinked form. Standard search 
engines do not have the ability to consider such peptide species and as a result they will never be manually 
identified. For a proof-of-concept 
experiment we used the the small tTG 
substrate peptide GSQAPLR for reactions 
with tTG and proteins of interest. Figure 4. 
Show the identification of a crosslinked 
peptide using this approach and setting the 
GSQAPLR peptide as a variable 
modification in the database search using 
Protein Prospector (UCSF, NCRR MS 
Facility).  
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 4. Assigned MS/MS spectra 
showing fragment ion type and 
originating peptide sequence.



 

 

The development of these tools has opened up the opportunity for us to begin to characterize tTG generated 
crosslinks in our cell culture model of crosslink mediated cell motility and invasion. Our current work involves 
using our tTG enzyme to modify matrix in vitro and measure cellular response (motility and invasion assays, 
proliferation etc.). These experiments should be completed in 3-5 months. The last goal of this work is to 
determine if the changes in cell phenotype are mediated through FAK signaling as part of focal adhesions. This 
work will follow shortly after reproducible crosslingking is achieved in our in vitro model system. 
 
 
KEY RESEARCH ACCOMPLISHMENTS:   
 

 Production of recombinant human tissue transglutaminase. 
 Development of two novel activity assays – one directed at reactive lysines and one toward reactive 

glutamines. 
 Development of a assay to determine TG substrate sites in proteins. 
 Identification of reactive sites on a large number of extracellular matrix proteins including fibronectin. 
 The development of a database search routine to identify crosslinked peptides from complex mixtures. 
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CONCLUSION: Previous data from our lab and others has identified TG as a protein that has the potential to 
help define the architecture of the extracellular matrix in the mammary gland. We know that ECM architecture 
is changed between healthy and tumorigenic regions of the breast and that this architecture correlates with 
metastatic activity.  We believe that TG is one of the enzymes that is responsible for this change in the matrix 
and as a result serves as an attractive therapeutic target. To test this hypothesis we first need tools to study and 
characterize what TG is doing at the molecular level. To date we have developed the necessary tools to begin to 
characterize TG mediated crosslinks in the extracellular environment of complex in vitro and in vivo biological 
systems. Future work is focus on defining how TG crosslinked matrix influences breast cancer cell lines 
phenotype to determine the therapeutic potential of this enzyme. 
 
 
"so what section": Understanding the metastatic process is central to the development of therapies that will 
improve cancer patient survival. Transglutaminase (TG) modifies the extracellular matrix potentially promoting 
a cascade of events that increases metastatic tumor growth. Initial experiments identify TG having a role in 
defining the metastatic microenvironment, this identifies TG as a viable therapeutic target for the treatment and 
prevention of metastatic disease. 
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